This paper presents a Problem-Based Learning (PBL) 
INTRODUCTION
A well-known distinction on student learning is between the surface and deep learning approaches. Deep learning approaches promote critical analysis of new ideas, linking facts to known concepts, long term retention of knowledge and information and problem solving in unfamiliar contexts. Sur face learning relies on memorization, tacit acceptance of information and superficial retention of material for examinations (Ramsden, 1992) . Problem-based learning (PBL) approaches are often associated with deep learning. PBL was first applied for teaching medical students at
McMaster University in 1969 (Barrows and Tamblyn, 1980 ). This learning approach has since been applied for teaching students in many disciplines such as business (Stinson and Milter, 1996) , information technology (Cheong, 2008) , law (Moust, 1998) and engineering (Linge and Parsons, 2006 ). This paper focuses on an application of PBL in engineering education. In PBL, learning is the result from the process of working towards the understanding and resolution of a problem in a real-world context. The conventional lecture-tutorial approach is teacher-centered where students learn by acquiring and absorbing information from teachers. The PBL approach is student-centered where learning is through the act of problem-solving. In PBL, students are presented with a situation that leads to a problem for them to solve. This teaching approach requires students to analyze the given problem, gather relevant information, propose and evaluate candidate solutions and then select and justify their final solution.
At the University of Nottingham in Malaysia, the authors teach an elective course on computer architecture to fourth year electrical and computer engineering students.
In 2007, they decided to trial a PBL approach to teach part of the course. The motivation for adopting a PBL approach was that because they observed that the traditional lecture-tutorial approach was producing only superficial learning in some of their students which in some cases was not retained after the final examinations.
The new course was divided into two parts. The first part taking up two-thirds of the course was taught using a traditional lecture-tutorial approach. The remaining onethird of the course was taught using a PBL approach. For
SIMULATOR BUILDING AS A PROBLEM-BASED LEARNING APPROACH FOR TEACHING STUDENTS IN A COMPUTER ARCHITECTURE COURSE
the PBL learning process to be effective and to maintain student motivation, the problem or task to be solved has to be chosen to be grounded in the curriculum, authentic and mirror real-world activities. On the one hand, students should have the opportunity to bring in their own ideas, experiences and approaches to accomplish the task. On the other hand, because PBL activities would often require more effort from students, it is important that students have the perception that the task is a worthwhile problem for them to spend their time on. For both of these reasons, the authors decided to adopt a simulator building problem for the PBL activity.
Software simulators are useful tools in education to teach complex concepts. A few examples are the BRAINTRAIN (Panchaphongsaphak, et al. 2007 ), Microworld (Kato, 2006) , SimTeacher (Fischler, 2007) and PSpice (Hart, 1993) simulators to teach medical, business, education and engineering students respectively. Simulators allow students to better visualize the situation and interactively explore the modeled domain. For example, the BRAINTRAIN simulator allows medical students to touch a physical model and see which parts of the brain respond to the touch. For most disciplines, students learn by using the simulator only. The authors call this as "simulator-using" activity. For computer engineering students, the development and construction of software is an integral part of the degree program. There is an opportunity to create a deeper learning experience if students are involved not only in using the software simulator but also contributes to building parts of the simulator itself. This then becomes a "simulator -building" activity. Student learning will be achieved from both the "simulator-using" and "simulator-building" activities. The simulator building activity will also allow students an opportunity to exercise their software engineering skills that were acquired in the earlier years of the degree program.
At the end of the course, the authors collected qualitative data using a questionnaire survey to evaluate the effectiveness of the PBL approach. The student responses showed that student learning processes can be deepened and accelerated by creating effective combinations of lectures-tutorials and PBL activities.
Students also reported that the activity helped them to learn general skills such as time-management and team work and also contributed to a more enjoyable learning experience. As part of the investigation, the authors also looked at student fears and concerns as they were asked to make a transition from a more structured to a less structured learning environment. One of their findings on student concerns is that PBL activities could have an adverse effect on learning if students perceive that the effort required from them does not commensurate with the credits received for the course. Another study reports on a learning approach using simulators which had been used in an Instruction Level
Parallelism Processors course (Moreno, et al., 2007) . In this methodology, the students are divided into groups and each group is assigned a case study which is analyzed with the simulator, after which the students discuss the results with the lecturer. In both of these studies by Vejarano and Moreno, the role of the simulator for teaching undergraduate students is only for analysis and to obtain experimental results. The authors call this as "simulator-using" activity. Because the authors are teaching computer engineering students, they liked to involve them in a deeper learning experience by also contributing to building parts of the software simulator itself. This then becomes a "simulator-building" activity.
Student learning will be achieved from both the "simulator using" and "simulator-building" processes.
Research Methodology
The objective of the computer architecture course is to help students gain a good understanding of the operation of high performance computing technologies. Students who enroll in this course have a background in software programming and digital systems. The teaching for the course was divided into two parts. The first part taking up two-thirds of the course was taught using a traditional lecture-tutorial approach. The remaining one-third of the course was taught using a PBL approach using simulator building as the learning activity. Table 1 shows the three modules in the course and the teaching approach used.
Each module was taught in a period of four weeks. The second module on Pipelined Microprocessors was taught using a PBL approach. In this module, there are three main topics to be covered which are the pipelined microprocessors, data hazards and control hazards.
To introduce the PBL sessions, students were first informed on the learning objectives and the reasons for using the PBL approach. An overview of Bloom's taxonomy for learning (Bloom, 1956 ) was also included and students were encouraged to pursue deep learning. Then the students were given a mini-lecture on the basic concepts behind pipelining in computer systems. To put a mental picture into the students' minds and to trigger their thought processes on pipelining, an everyday example using a fast-food drive through operation was presented.
Students were asked a question on why they thought fastfood restaurants usually used three counters (one counter for the customer to order food, one counter to pay for the food and a third counter to collect the food) to serve their drive-through customers instead of just using a single counter to perform the entire operation. By reflecting on this analogy, the students gain an intuitive understanding of pipelining techniques and are ready to begin the simulator building activity.
The students were then divided into groups and given the problem statement which was to build a simulator of a pipelined microprocessor in software. The pipelined microprocessor simulator to be built was based on the MIPS microprocessor architecture (Patterson and Hennessy, 2007) . To guide the construction of the simulator, the students were also given three datasets A, B
and C to test their simulator with. These data sets were carefully constructed in terms of increasing complexity to achieve the desired learning outcomes. Table 2 shows the three data sets and the desired learning outcomes. The students were not informed of the purposes of the data sets and what specific conditions the different data sets were testing for. They were only informed that the three data sets were ordered in terms of increasing complexity.
During the first session, a basic simulator with minimal functionality was introduced to the students and the students were asked to run the simulator with Dataset A. This information allows them to identify exactly when the microprocessor begins to go wrong so that they can propose and make the necessary modifications to the simulator. This learning activity engages the students in both the "simulator-using" and the "simulator-building"
process. Students learn visually by using the simulator. At the same time, they also learn kinesthetically by building it.
The activity also contributes to a more enjoyable learning experience. On their own initiative, a few groups added their own extra features to the simulator and made improvements to the user interface.
Student Responses and Findings
An important point in the investigation is how to gather useful data. First, the authors had a small sample of ten students. Second, they recognized that students are busy people and they are only interested in getting authentic responses. For these reasons, they decided to use a qualitative questionnaire survey approach using only the four questions shown in Table 3 .
The questions are openended and the students are free to respond in any way that they wish. The first two questions are concerned with the students' learning preferences and the last two questions are concerned with the effectiveness of the learning approach from the students' own viewpoints. Table 4 Table 5 shows a summary of the student dislikes. There are two main themes. The first theme is to do with the time allocated for the activity. Phrases such as "needed more time", "one hour wasn't adequate time", " time consuming" and "session is too short in time" were received. In future, the authors will schedule the PBL sessions such that students will have a longer two-hour session instead of two one-hour sessions weekly. The second theme is hinted at by Group 4 which said that the "time required to complete the task doesn't really match up to 15% worth of assignment". One can almost hear the thought process behind those words, "I like it but it is too expensive! The amount of work required is not worth doing for 15%". As lecturers for the course, the authors agree with them. A fair course work assessment for the time and efforts required by the simulator building activity would be 30%. If the work was valued at 30% for the course assessment, the authors' view is that most of the student dislikes would go away. However, because the same course is currently taught on two university campuses (Malaysia and UK), this will require subject lecturers from both campuses to commonly agree to a change in the course assessment structure. Table 6 and 7 shows a summary of what the students said they learnt or did not learn respectively. The students report on learning general skills such as time-management and Table 3 . Survey questions. Table 4 . Responses on student likes. One hour wasn't adequate time. Just us you felt you were getting the hang of it we had to stop and that was not welcome
Task was a bit too time consuming. Which doesn't really match up to 15% worth of assignment
The session is too short in time. Perhaps it can extend to 2 hour session When initially considering using a PBL approach, the authors had some considerations about students' fears and concerns because they were asking them to make a transition from a more structured to a less structured learning environment. This was one reason why the authors selected the pipelining module to be taught using the PBL approach because it was sandwiched between the other two traditional lecture-based modules. Throughout the PBL sessions, the authors monitored and observed the students for signs of anxiety. A clear indicator would be seen if a student decided not to come to class for the PBL sessions. However, the authors observed the opposite when they had almost full attendance for all the PBL sessions. On the whole, they observed that the students' attendance for the PBL sessions were higher than for the traditional lecture based sessions. Furthermore, on entering the classes for the PBL sessions, the authors noted that some groups had already begun loading their simulators and were waiting for the instructors to arrive so that they could have a discussion. The student responses showed that the main student concerns were not with having to do a new activity or with the less structured teaching approach employed. A few students even responded with comments of "very enjoyable". Their main concerns were to do with the time and effort that they had to spend on the task. In particular, they felt that the amount of time that they had to spend on the task was not commensurate with the credits received for the task. One finding from this study is that the tasks and corresponding credits received for a PBL activity have to be carefully considered so that students feel that they are getting a fair assessment. One group commented that they would have liked a "few more learning sessions to become even more familiar with the relevant topics". From the viewpoint of the instructors, this may not be practical because of the time constraints and also because of the additional demands on the students' time. The authors found that using onethird of the teaching time available for PBL activities and the remainder of two-thirds for traditional lecture-based teaching gave a good balance. Finally, it has been noted that planning the PBL sessions required some initial effort on the part of the instructors. The basic simulator which was the starting point for the activity took the instructors and a senior undergraduate student six months to develop.
Conclusions
They are two main conclusions from this study. First, the authors have shown that student learning processes can 
RESEARCH PAPERS
l l
